We have identified three lesions other than cyclobutane dimers which alter the properties of UV-irradiated poly(dC) as a template for E.coti DNA polymerase I, and have characterised these lesions with respect to their coding properties, rates of formation and decay, and their sensitivity to uracil DNA glycosylase. Our results lead us to conclude that these lesions are (1) cytosine hydrates, which code for cytosine and to a lesser extent thymine, (2) uracil hydrates, which code for adenine and are not sensitive to uracil DNA glycosylase, and (3) uracils, which code for adenine and are removed by uracil DNA glycosylase.
INTRODUCTION
In view of their importance as both lethal and mutagenic lesions, pyrimidine dimers, which block DNA replication in vivo (1) and in viXAo (2), are the photoproducts produced in UV-irradiated DNA which have attracted the most interest. However, UV-irradiation of cytosine has also been shown to cause the formation of cytosine hydrates (3), which are unstable and may revert to cytosine by dehydration or produce uracil hydrates by deamination (4). In spite of considerable physical and chemical analysis of these lesions, little is known of their coding properties. We have therefore investigated the coding properties of the lesions present in UV-irradiated poly(dC) , an undertaking which was facilitated by earlier work describing the rates of formation and decay of photohydrates of cytosine and its derivatives (4,5). Where neccessary, the presence of cytosine dimers could be controlled by performing UV-irradiation in the presence of mercury, which suppresses pyrimidine dimerisation (6), or by the use of T4 endonuclease V, which nicks DNA containing pyrimidine dimers (7). The presence of uracil residues was controlled by the use of uracil DNA glycosylase (8) .
MATERIALS AND METHODS
Primed Poly (dC) templates Poly (dC) 3 0 0 0 and oligo (dGjy^Tfg (P^L Biochemicals), dissolved at a concentration of 1 mM nucleotide residues in the annealing buffer (Tris.HCl pH 8.5, 50 mM; KC1, 30 mM; Na 2 EDTA, 1 mM), were mixed in the appropriate ratio (indicated in parentheses), heated to 55°C for 10 min and cooled slowly to room temperature, prior to storage at -20°C. UV irradiation Primed poly (dC) template, in an ice-cooled watch glass, was UV irradiated either in the annealing buffer, or in 10 mM citrate-phosphate (CP) buffer pH 5.7 ( 9 ) , or in water ( i . e . after overnight dialysis at 4°C against double-distilled water which had been adjusted to pH 6.0 with HC1) using a Phillips Mineralight with a maximum output at 254 nm, at a dose rate of 10-50 Jm" , measured with a Latarjet dosimeter. When present, HgCI 2 (6) was added to a molar concentration 5x greater than that of the polymer. We confirmed (results not shown) that, when diluted in a Standard polymer replication reaction, the presence of this low concentration of mercury had no detectable effect upon the activity of E.coLL DNA polymerase I (10) . Enzymes DNA polymerase I from E.coLL, prepared by the method of Richardson (11) had a specific a c t i v i t y in excess of 10,000 units mg (1 unit of DNA polymerase incorporates 10 nmoles of dNTP into acid-insoluble material in 30 min at 37°C. Uracil DNA glycosylase from E.coLL ( 8 ) , a g i f t of Dr. P.Karran (Sussex University), was used to excise uracil residues from the homopolymer in a reaction containing 50 nmoles of primed poly (dC); Hepes.KOH pH 8.0, 70 mM; DTT, 1 mM; Na 2 EDTA, 1 mM; 1.5x10" 3 units of uracil DNA glycoylase.
This amount of enzyme was in excess of that required to give the maximum reduction in the frequency of incorporation of dAMP by DNA polymerase I using a highly deaminated poly (dC) template (incorporation reduced from 5x 10~ to 3x 10 ). After incubation at 37°C for 1 hr the protein was removed by phenol extraction, the phenol removed by ether extraction, and the template precipitated with alcohol. Replication of primed poly (dC) were added (in some experiments these concentrations were altered, as shown in the figure legend). Replication was i n i t i a t e d by the addition of 0.5 units of DNA polymerase. The reaction mix was incubated at 30°C for 15 min before being pipetted on to glass f i b r e discs (Whatman GF/C) and washed with agitation (GFL rotary agitator, 100 rpm) in ice-cold 5% trichoroacetic acid (TCA)/ 2% sodium pyrophosphate (greater than 50 ml per f i l t e r ) . Two washes, each of 15 min, were performed in this solution, and a further 3 in 5% TCA without sodium pyrophosphate, after which the f i l t e r s were washed twice in ethanol, dried, and the remaining radioactivity measured in a Beckman LS2-230 s c i n t i l l a t i o n counter, using an omnifluor-based s c i n t i l l a t i o n f l u i d . 3 32 32 3 H -» P and P -» H spillover was negligible. Blank values ( i . e . cpm obtained in the absence of template) were subtracted from counts obtained in the presence of template prior to calculation of incorporation. Incorporation of dAMP and dTMP is expressed as the molar ratio incorporated r e lative to incorporation of dGMP.
RESULTS AND DISCUSSION
The presence of mercury during UV-irradiation of DNA has been reported to greatly reduce the yield of pyrimidine dimers (6) but does not appear to affect the formation of other lethal lesions (13) . Autoradiographic analysis of 32 P-labelled poly (dC) treated with T4 endonuclease V (a gift of Dr. P.
Seaweli, Stanford University) and subjected to electrophoresis, confirmed that the presence of HgCl-during UV-irradiation of poly (dC) prevented cytosine dimerization (results not shown). When primed poly (dC), UV-irradiated in the presence of HgCK, was used as a template in the Standard polymer replication reaction, which contained dGTP as the only deoxynucleoside t r iphosphate, a dose dependent inhibition of polymer replication was observed ( fig. 1 ). This blockage of polymer replication was completely alleviated i f all four deoxynucleoside triphosphates were present in the reaction, suggesting that UV-irradiated poly (dC) contains lesions (other than cyclobutane dimers) which do not code for guanine. We found that the inhibitory effects of these lesions upon replication were abolished completely by addition of dCTP to the Standard polymer replication reaction, were alleviated partially by addition of dTTP, but were not affected significantly by addition of dATP (Table 1) . These results suggest that the lesions code efficiently for cyto- primed poly (dC) templates (c.1.2x10~2, results not shown) makes i t impractical to measure the UV-induced incorporation of dCMP. However, UVirradiation of primed poly (dC) templates did give rise to a detectable i ncrease in the incorporation of dTMP ( f i g . 2b, table 1). The coding properties of the lesion giving rise to this incorporation were studied by performing assays in which the ratio of dTTP to dGTP was varied. This is based upon the theory that i f a lesion codes for a base e f f i c i e n t l y the frequency of incorporation of this base should be relatively insensitive to alterations in i t s concentration, whereas i f a lesion codes for a base i n e f f i c i e n t l y the frequency of i t s incorporation should be more sensitive to alterations in i t s concentration. The incorporation of dTMP upon UV-irradiated primed poly (dC) templates was sensitive to alterations in the concentration of dTTP relative to dGTP ( f i g . 3 ) , showing that i t is probably caused by a lesion which does not code for dTTP e f f i c i e n t l y . This conclusion wos further supported by the observation that the addition of a low concentration of dCTP to the polymer replication reaction abolished the incorporation of dTMP upon
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Poly (dC) : oligo (dG) (3:1) in annealing buffer, intact ( A ) or UV-irradiated (20,000 Jm"2) ( A ) , was used as template in reactions in which the total dNTP concentration was kept constant (100 uM in 100 u l ) , but the ratio of dTTP to dGTP was altered as shown.
UV-irradiated primed poly (dC) templates ( f i g . 2b) and by the finding that the partial alleviation by dTTP of the UV-induced inhibition of poly (dC)
replication was proportional to the concentration of dTTP added to the reaction (results not shown). Since the incorporation of dTMP upon UVirradiated primed poly (dC) templates showed kinetics of decay similar to those of the lesion coding for cytosine ( f i g . 2, table 1), we consider that these effects are probably due to the same lesion.
Although addition of dATP did not stimulate the replication of UVirradiated primed poly (dC) templates (table 1), we tested for the presence of lesions coding for adenine using incorporation assays. However, there is a complication in the use of dATP in incorporation assays with poly (dC) as template, since i t is known that cytosine undergoes spontaneous deamination (14) giving rise to uracil residues, which, of course, code for adenine. To overcome this problem we treated the primed poly (dC) template with uracil DNA glycosylase ( f i g . 4a). We found that when primed poly (dC) which had been pre-treated with uracil DNA glycosylase was UV-irradiated and used as a template for DNA polymerase I , increased incorporation of dAMP could be observed ( f i g . 4b). The incorporation of dAMP upon UV-irradiated poly (dC) templates was UV dose-dependent (Table 2 ) and was not sensitive to alteration in the concentration of dATP relative to dGTP ( f i g . 4b) nor to addition of (A) Intact poly(dC) : oligo(dG) (3:1) in annealing buffer, pretreated ( A ) or not ( A ) with uracil DNA glycosylase was used as template for incorporation assays in which the total dNTP concentration was kept constant (100 uM in 100 u l ) , but the ratio of dATP to dGTP was altered as shown.
(B) The above template, pretreated with uracil DNA glycosylase, was UV irradiated (20,000 Jm-2 ) and treated ( O ) or not ( # ) with uracil DNA glycosylase before replication. dCTP or dTTP to the replication reactions (results not shown), showing that the lesions responsible code for adenine e f f i c i e n t l y . The observation that the incorporation of dAMP upon UV-irradiated primed poly (dC) templates isnt eliminated by treatment with uracil DNA glycosylase ( f i g . 4b) indicates that the lesions responsible for this incorporation are not uracil residues.
The 1/2 l i f e of the hydrate of cytidylic acid in CP buffer at 25 C C has been reported to be 48 min (4) a value close to that observed for the lesion which codes for cytosine ( f i g . 2). This suggests that the UV-photo product in poly (dC) coding for cytosine may be cytosine hydrate, while the coding properties of the lesion instructing the incorporation of adenine suggest that i t may be uracil hydrate. Since i t is known that direct photochemical deamination of cytosine ( i . e . to uracil or uracil hydrate) does not occur (4, for review see ref. 15 ), we considered i t possible that the lesions pairing with adenine arise as the result of spontaneous deamination of UVinduced cytosine hydrates. We decided to test this idea by examining the effect of treatments known to alter the extents of dehydration and deamination of cytosine hydrates. The reversibility of the photohydration of cytosine and i t s derivatives was found to be maximal when irradiations were performed upon unbuffered aqueous solutions (5); i . e . under these conditions deamination to uracil or uracil hydrate was minimal. When cytosine was irradiated and incubated in a buffered aqueous solution the reversibility of the photohydrates was reduced, and the formation of uracil hydrates by deamination was appreciable. When an unbuffered aqueous solution of primed poly (dC) was UV-irradiated, cytosine-coding lesions were formed, but rapidly disappeared, and no increase in the incorporation of dAMP was observed (table  1) . When a solution of primed poly dC in CP buffer was UV-irradiated, cytosine coding lesions were formed and, during the post-irradiation incubation a small but reproducible increase in the incorporation of dAMP was observed while the cytosine-coding lesions disappeared (Table 3) .
Hydrates of uracil are known to be more stable than the corresponding hydrates of cytosine (16, 4) . We have examined the stability of the adeninecoding lesions by incubating UV-irradiated primed poly (dC) template (pretreated with uracil DNA glycosylase, dissolved in CP buffer) at 25°C for 3 hr to allow f u l l dehydration or deamination of the cytosine hydrates, and then measuring the rate at which the incorporation of dAMP became sensitive to treatment of the template by uracil DNA glycosylase. The adenine-coding lesions appeared to be relatively stable at intermediate temperature (Table  3 ) , but upon incub?tion of the template at 80°C the incorporation of dAMP Poly (dC) : oligo (dG) (3:1) pre-treated with uracil DNA glycosylase, dissolved in CP buffer was UV-irradiated (20,000 Jm" 2 ) and incubated at 60°C for various times before being used as template for replication in the presence of dATP. Specific a c t i v i t i e s : 3 H-dGTP = 50 cpm pmole"', 32 P-dATP = 5000 cpm pinole"
1 .
became progressively sensitive to elimination by treatment with uracil DNA glycosylase ( f i g . 5 ) .
The following three observations support our identification of the Poly (dC) : oligo (dG) (3:1), pre-treated with uracil DNA glycosylase, dissolved in CP buffer was UV-irradiated (20,000 Jin" 2 ), incubated at 25°C for 3 hr, incubated at 80°C f o r various times, and, after treatment with uracil DNA glycosylase ( # ) , or no treatment ( O ) , was used as template for replication in the presence of dATP.
lesions in UV-irradiated poly(dC) as being cytosine hydrates which code for cytosine and uracil hydrates which code for adenine ; (1) that the lesions coding for cytosine disappeared rapidly, (2) that the yield of lesions coding for adenine could be modified by changing the conditions of the UVirradiation of the poly(dC) template, and (3) that the lesions coding for adenine bacame, upon incubation at elevated temperature, sensitive to removal by uracil DNA glycosylase.
It is known that pyrimidine dimers block DNA replication (2, 17, 18) . We have confirmed that cytosine dimers inhibit the replication of poly(dC). This inhibition of replication is, as expected, increased by increasing the ratio of template to primer (i.e. increasing the size of gap available as primed template) (for example compare fig.1 with table 1) . Comparison of the template properties of poly(dC) UV-irradiated in the presence or absence of mercury (figs. 1, 2) reveals that cytosine hydrates are formed at a significant rate relative to pyrimidine dimers. I t is possible that the lesions which we have described here may have some biological significance, since various studies have shown that the C -> T transition in single-stranded DNA (19) and the C.G ->T.A transition in double-stranded DNA (20) occur at higher frequencies than other base substitutions after UV-irradiation. Experiments are currently in progress to test this possibility.
